Background:
Sound is an integral part of both the terrestrial and aquatic environment. The difference in density in media through which sound travels affects sound propagation.
Sound travels more effectively in liquid phases than in gaseous phases. In water, sound can travel up to five times faster than it would in air. In the deep ocean, 2,000 m and deeper, low frequency sounds (frequencies < 100 Hz) can be detected from distances thousands of miles away from the source. In more shallow waters, sounds are affected by many variables including water depth at a particular location, the type of bottom substrate, and roughness of the water surface to name a few (Bass & Clark, 2003) . The uniqueness of the aquatic environment makes it an interesting area for investigating sounds produced by animals. Fish, similar to many other groups of animals, make sounds for a variety of reasons including spatial orientation (Tavolga, 1977) , defense from predators, mating, alarm calls (Ladich & Fine, 2003) , and as a response to stress (Ladich & Bass, 1998; Ladich, 2000) .
The first written record of sound production in a fish dates back to the fourth century BC in Aristotle's Historia Animalium (Gohlke, 1957) . Fish can produce sounds in several different manners including swim bladder compression, stridulation of the pectoral or dorsal spine, and grinding of teeth (reviewed in Ladich & Fine, 2003) . Some fishes, including several catfish taxa, can produce sound through multiple mechanisms.
Of the approximately 28,000 extant species of fish, Siluriformes (the catfishes) is a very species rich order, with approximately 2,700 species (Teugels, 2003) . Geoffrey Saint-Hilaire recorded the first description of sound production in catfish in 1829 (Ladich, 2003) . Some species of catfish produce sounds through pectoral spine stridulation or through swim bladder compression using sonic muscles. Some catfish species are able to produce sounds through both mechanisms (Ladich & Fine, 2006) . In addition to producing sounds, catfish are also known to use their pectoral spines for predator avoidance and defense. When the spine is completely abducted and locked, it makes the fish harder to be eaten and the pointed tip of the spine serves as an antipredator weapon (Fine & Ladich, 2003) .
Sound production in teleosts (bony fishes) via swim bladder compression has been well studied (Demski et al., 1973) . The swim bladder is quickly contracted and extended by the sonic muscles, which causes its radiating surface to vibrate. There are two types of sonic muscles. Both ends of intrinsic muscles are directly attached on to the swim bladder whereas extrinsic muscles have one insertion point on another nearby structure. Extrinsic muscles may be attached to bones such as the skull or the vertebrae (Ladich & Fine, 2003) . It has been suggested that swim bladders aid in propagating sounds generated from other structures in the body (Demski et al., 1973) . However, when the swim bladders were deflated in channel catfish, which produce sounds via pectoral spine stridulation, no significant difference in the amplitude or power spectrum was observed (Fine et al., 1997) . Further studies are needed to examine the relationship between swim bladder and stridulation sound production as the sample size was relatively small in the Fine et al. study and one species may not be representative of all catfish.
Some catfishes, such as those in the family Doradidae, are known to be able to modulate the frequency of their sound, most likely by changing the speed at which the fish contracts its sonic muscles (Ladich, 1997) .
Contrary to swim bladder sound production, stridulatory sounds are made when fish rub together spines or bones. These sounds have been described using numerous terms including clicks, squeaks, chirps, croaks, and grunts (Kaatz, 1999; Heyd & Pfeiffer, 2000) . The vast majority of sounds produced by spine stridulation are made using the pectoral spine. Many catfish taxa, including Loricariidae produce sounds through the abduction and/or adduction motion of the pectoral spine striking against the pectoral girdle. The dorsal process, on the topside of the pectoral spine sits in the medial groove of the cleithrum (Fine & Ladich, 2003) . The ventrolateral surface of the dorsal process of the pectoral spine contains ridges which are depressed against a slightly concave, rough, and featureless fossa floor in loricariids (Schachner, 1977; Fine, et al., 1997) . Fine and Ladich (2003) suggested that each ridge scraped across the cleithrum creates a single pulse. Some species of catfish, including some in the families Ictaluiridae, Pimelodidae, and Loricariidae, have ridges on the dorsal spine as well (Schachner, 1977; Fine et al., 1997) . Sound production via dorsal spine stridulation has not been well described.
Stridulatory sounds are frequently made as disturbance calls. Often this occurs when the fish is held under water or in the air (Kaatz, 1999) , which is a common method of eliciting sounds from catfish for recordings. It has been noted that catfish are apt to stridulate more when held in the air (Ladich, 1997; Heyd & Pfeiffer, 2000) . Sörensen (1895) suggested that stridulatory disturbance sounds may function in defense against predators by calling attention to the sharp end of the spines. However it was observed that stridulatory sounds did not deter a piranha from eating a doradid catfish (Markl, 1968 ).
Loricariidae, Macrotocinclus affinis and Pterygoplichthys gibbiceps. Chapter 2 describes the bioacoustics of this sound production in terms of characteristics of the sounds and the anatomy of the structures used to produce the sounds. Chapter 3 is a summary of the findings of this study and describes potential future research directions.
Introduction:
Loricariidae is the largest family in the order Siluriformes, suborder Loricarioidei, and contains over 600 species, almost one-third of all living catfishes identified (Briggs, 2005) . This family, known as the armored suckermouth catfishes, possess several unique morphological characteristics including a bi-lobed swim bladder and fenestrae in the The first loricariid catfish chosen for this study was Pterygoplichthys gibbiceps, also known as the leopard or sailfin plecostomus and grows to approximately 50 cm. P. The objective of this study was to test two loricariid catfishes that vary considerably in size, P. gibbiceps and M. affinis, for their sound production capabilities and to quantify acoustic characteristics of the sounds they produce. The bone structures and mechanisms used in sound production, as well as the relationship between stridulatory structures and the sounds produced were also examined.
Experimental Animals
The species examined were Pterygoplichthys gibbiceps ( Figure 1A ) and Macrotocinclus affinis ( Figure 1B ). Both species are commonly found in the aquarium trade. P. gibbiceps is commonly known as the leopard plecostomus and reaches a maximum total length of approximately 50 cm. M. affinis is known as the midget or dwarf suckermouth catfish and only grows to approximately 4 cm in total length. The fish were fed an algae pellet diet, maintained in 38 to 150-L aquaria, and kept on a 12-hour light/12-hour dark cycle. Twenty-two P. gibbiceps and ten M. affinis were used in this study.
Sound Analysis
Three sets of audio recordings were taken from each fish. Each individual was held approximately 3 cm below the surface of the water in a 19-L container and approximately 3 cm away from a GRAS type 10CT hydrophone (calibration sensitivity of -195 dB re 1 V/μPa; ± 3 dB, 0.02-10 kHz, omnidirectional, Denmark). The hydrophone was connected to a Kistler charge amplifier type 5010, which was attached to a desktop computer. All the fish were held by the left pectoral spine using a common procedure to elicit sounds. Holding a fish by one pectoral spine while the other spine produces sounds is a common method of recording sound production in catfishes (as reviewed in Kaatz 1999 
Morphological analysis
Morphological studies were performed on the left pectoral spine from the largest and smallest M. affinis. As a representative subset of the range in size, left spines of fourteen of the twenty-two P. gibbiceps were examined. The specimens were dissected, cleaned using either a dilute soap solution in an ultrasonic jewelry cleaner or by a dermestid beetle colony. Images of the left spine and cleithrum from a representative P. gibbiceps were taken using light microscopy to examine the position of the spine in the pectoral girdle. The samples to be studied using scanning electron microscopy (SEM) were mounted on SEM stubs and gold-palladium sputter coated using an Emscope SC500 vacuum evaporator. SEM micrographs were captured using a Jeol JSM-5400LV scanning electron microscope and IXRF Systems Inc. 500 Digital Processing system and software.
The dorsal processes of the pectoral spines are covered with parallel ridges. The inter-ridge distances, the spaces between the crests of two ridges, were measured using 
Statistical analysis
Analysis of variance (ANOVA) was used to test for relationships between dominant frequency and the following: species, call types in P. gibbiceps, and total length in P. gibbiceps. ANOVA was also used to test for differences in pulse duration between species, between call types in P. gibbiceps, and for differences in inter-ridge distances between the two species and between sizes. Where appropriate, the Shaprio-Wilk test was used to check the data for normality. The relationship between inter-ridge distance and dominant frequency of Type A pulses in P. gibbiceps was examined using linear regression analysis.
Results:

Sound production
Both species produced sounds through pectoral stridulation that were broadband in frequency. P. gibbiceps generally produced sounds in pulse trains through a pattern of abduction and adduction of the pectoral spines (Figure 2A-B) . Type A calls or "lowsqueaks" were produced by abduction and Type B pulses or "high-squeaks" were produced by adduction of the pectoral spine with Type A calls having lower dominant frequencies than Type B calls. Pulse trains generally consisted of several sets of abduction (low) and adduction (high) "squeaks". Occasionally a series of Type A only pulses were also recorded. M. affinis produced single "clicks" by adduction only.
The dominant frequency for P. gibbiceps Type A pulses (Table 1) (Table 1 ). The mean dominant frequency differed significantly (P < 0.01) between the two species and between the two pulse types from P. gibbiceps (P < 0.01).
Mean (± SE) call duration for P. gibbiceps Type A pulses were 193 (± 19) ms compared to Type B pulses which were 84 (± 5) ms (Table 1) . Clicks from M. affinis ranged in duration from 2 to 34 ms with a mean (± SE) duration of 13 (± 5) ms. Type A pulses were significantly longer in duration from pulse Type B (P < 0.01) and from M. affinis clicks (P < 0.01), but pulse Type B "high-squeaks" did not differ significantly in duration from the M. affinis "clicks" (P > 0.05; Table 1 ).
Morphology
The pectoral spines of both species articulate inside the pectoral girdle ( Figure   3A ), which is composed of several fused bones, the largest of which is the cleithrum ( Figure 3B ). The pectoral spine rests in the spinal fossa of the cleithrum. The points of articulation are similar to those in the channel catfish as described by Fine et al. (1997) .
The pectoral spines of both species have three processes: dorsal, ventral, and anterior ( Figure 4) . The dorsal process is the largest of the three and has ridges in its ventrolateral surface. During stridulation, the ridges on the spine are struck against the spinal fossa of the cleithrum. Both species were capable of locking their spines when fully abducted.
The mean (± SE) inter-ridge distance found on the dorsal process of left pectoral spines was 162 (± 23) microns for P. gibbiceps ( Figure 5A ), and 53 (± 1) microns for M. affinis ( Figure 5B ). The inter-ridge distances were significantly different between species (P < 0.01). There was also a significant difference in inter-ridge distances between the smallest (5.1 cm TL) and largest (22.5 cm TL) P. gibbiceps (P < 0.01), but not between the smallest (3.4 cm TL) and largest (4.1 cm TL) M. affinis (P > 0.05; Figure 6 ). There was a significant linear regression relationship between total length and inter-ridge distance in P. gibbiceps (P < 0.0001; Figure 7) . In examining the relationship between dominant frequency and total length, only the data from P. gibbiceps was used because of the limited range in total length in M.
affinis. The mean dominant frequency for each of the twenty-two P. gibbiceps used was obtained from only Type A pulses since not all individuals produced Type B pulses.
There was a significant linear regression relationship between total length and dominant frequency and between inter-ridge distance and dominant frequency (P < 0.001). As total length and inter-ridge distance increased, mean dominant frequency decreased (Figure 8 ). In the current study, the pulse patterns differ between the two species. P. As of yet, it is not known if there is a significant difference between sounds produced by distress or spontaneously emitted sounds, or between sounds recorded in the wild versus those in captivity in either of these two species. The functional significance of their sounds in the wild is also largely unknown although some biologists have questioned if the sounds served any purpose at all, as mentioned by Fine and Ladich (2003) . Kaatz (1999) suggested that stridulation evolved as a means of defense against predators and notes that this method of sound production is more often used in disturbance calls. For example, doradids (Platydoras castatus) and pimelodines (Pimelodus blochii) (Ladich, 1997) produce sounds through stridulation rather than through drumming when held in air, although they can produce both types of sounds.
There is some evidence for the purpose of catfish sound production. Although the sea catfish (Arius felis) produces sounds using its swim bladder, it uses those sounds for detecting objects (echolocation) and for directionality (Tavolga, 1977 (Tavolga, , 1981 . Recently, it has been shown that M. affinis is able to localize conspecific clicks very well (Patrick Stewart, unpublished data). It is plausible that sound production assists them in localizing each other since they exhibit schooling behavior in unclear water.
Future experiments examining the behavioral context of loricariid sounds are needed to see if specific acoustical characteristics are associated with specific behaviors (courtship, aggression, alarm calls, etc.) and to compare the acoustical characteristics of sounds recorded in the wild to those elicited by distress in captivity. Little is known about the effects of the swim bladder on sound production via pectoral spine stridulation.
Experiments in which the swim bladders of channel catfish (Ictalurus punctatus) were deflated and stridulation sounds were recorded were inconclusive as only two fish vocalized after swim bladder deflation (Fine et al., 1997) . Additional experiments are needed in which sounds are recorded before and after swim bladder puncture to see if the swim bladder can modify the frequency or amplitude of the sounds produced by catfish stridulation.
